Abstract: This review reports recent advances in the field of thermal conductivity of polymeric nanocomposites. Thermally conductive polymeric nanocomposites can be used for replacing metal parts in several applications, such as liquid cooling and ventilation garment, power electronics, electric motors and generators, heat exchangers, etc., because the polymers have some privileges such as light weight, corrosion resistance, lower manufacturing cost and ease of processing. In this study, the thermal conductivity measurement and modeling of polymeric nanocomposites are discussed in general, and detailed examples are also drawn from the scientific literature. Many theoretical models are available to predict the thermal conductivity of nanocomposites. The simplest of these are mixture rules such as series, parallel, and geometric models. However, the series model typically over predicts the thermal conductivity, whereas the parallel model tends to under predict the thermal conductivity of the nanocomposites. Other models such as the Hamilton-Crosser model and the Lewis-Nielsen model are based on particle size, geometry, and the manner of particle packing in the matrix. Also, there are various effective medium approaches (EMA) like the Maxwell-Garnett (MG) approximation to analyze the thermal transport behaviour in heterogeneous media such as thermal conductivity of some composite structures.
Introduction
Traditionally, in order to improve properties of polymeric materials, or simply to reduce cost, these materials have been filled with synthetic or natural inorganic compounds. Conventional fillers are materials in the form of particles (e.g. calcium carbonate), fibers (e.g. glass fibers) or plate-shaped particles (e.g. mica). However, although conventionally filled or reinforced polymeric materials are widely used in various fields, it is often reported that the addition of these fillers imparts drawbacks to the resulting materials, such as weight increase, brittleness and opacity. Nanocomposites, on the other hand, are a new class of composites, for which at least one dimension of the dispersed particles, is in the nanometer range. Depending on how many dimensions are in the nanometer range, one can distinguish isodimensional nanoparticles when the three dimensions are on the order of nanometers, nanotubes or whiskers when two dimensions are on the nanometer scale and the third is larger, thus forming an elongated structure, and, finally, layered crystals or clays, present in the form of sheets of one to a few nanometers thick and hundreds to thousands nanometers in extent. Among the entire potential nanocomposite precursors, those based on clay and layered silicates have been most widely investigated, probably because the starting clay materials are easily available and because their intercalation chemistry has been studied for a long time.
It is believed that the presence of only a small amount of clay can greatly improve many properties of polymers, if nano-dispersion of clay in the matrix is realized. Polymer/clay nanocomposites have been of great interest since the research at the Toyota Company found that polyamide-6-clay nanocomposites gave greatly enhanced mechanical properties, along with a large increase in the heat distortion temperature, at only 5% clay loading. Generally there are five ways to make nanocomposites: Solution method, in situ intercalation polymerization, melt blending, template synthesis and sol-gel, of which melt blending is favored in industry (Jafari nejad et al. [1, 2, 3 and 4] , Han et al. [6] , Pavlidou et al. [7] ).
Carbon nanotubes (CNTs) have been investigated for the past decade, and these materials are currently the subject of particular interest due to their unrivalled and attractive properties. CNTs have extraordinary properties, including low density (~2 g cm -3 ), high aspect ratio (1000-10,000), high rigidity with an elastic modulus of more than 1 TPa, and low susceptibility to corrosive atmospheres. When single-wall carbon nanotubes (SWCNTs) or multi-wall carbon nanotube (MWCNTs) are blended with wide range of materials such as ceramics, metals and polymers as matrices, ultra-strong and/or multifunctional composites can be derived depending upon the properties of the added material (Sivakumar et al. [8] ). It is expected that incorporation of carbon nanotubes (CNTs) in polymer matrix will improve significantly the thermal properties of such composites because CNTs have excellent thermal properties (Jafari Nejad et al. [5] , Kashiwagi et al. [9] ).
The thermal properties of composite materials have been of considerable attention in literature, but the thermal conductivity of these materials seems to hold increased potential for research. The thermal conductivity behaviors of some composite materials such as carbon fiber/polymer composites and metal powder/polymer composites have been established in recent years. The thermal conductivity properties of nanostructure materials are almost unknown owing to their novel adventure in science arena. In recent years, a few researchers have investigated the thermal properties of nanostructure materials especially the thermal conductivity. The results of this attempt consider the thermal conductivity of carbon nanotube buchypapers and their composites, the thermal conductivity of multiwall carbon nanotube/silica-based nanocomposites, single wall carbon nanotubes in aluminabased nanocomposites, nanofiber/epoxy resin nanocomposites, single wall carbon nanotube/polyethylene nanocomposites, epoxy/ carbon multiwalled nanotube nanocomposites, poly(L-lactide)/multiwalled carbon nanotube nanocomposites, CuO/SiO 2 and NiO/SiO 2 nanocomposites, ethylene vinyl acetate copolymer/nanofiller composites, the thermal conductivity of PP/Clay nanocomposites and PP/MWCNT nanocomposites, the thermal conductivity of PP/Clay nanocomposites and PE/Clay nanocomposites, graphite/silicone rubber nanocomposites and etc. have also been regarded recently (Jafari Nejad et al. [5] , Han et al. [6] , Gonnet et al. [10] , Hirano et al. [11] , Kumari et al. [12] , Fujigaya et al. [13] , Joshi et al. [14] , Gong et al. [15] , Mu et al. [16] , Maensiri et al [17] , Bryning et al. [18] , Mohaddespour et al. [19] ).
Nanocomposite materials composed of oxides and conducting polymers have brought out more fields of applications such as smart windows, toners in photocopying, rechargeable batteries, etc. Thermal transport properties of oxides have wide ranging applications, such as in superconducting materials, nuclear reactor etc. It is observed that in powder systems the values of effective thermal conductivity and effective thermal diffusivity vary with the variation of particle size and porosity of the system. Nanomaterials, particularly with magnetic properties, have their applications in color imaging, ferrofluids, bioprocessing, medical diagnosis and electromagnetic wave absorption, etc (Joshi et al. [14] ).
Han et al. [6] reviewed the thermal conductivity of polymer/carbon nanotubes nanocomposites. But, review articles on investigating of modeling of thermal conductivity of nanocomposites are lacking. Therefore, in this paper, thermal conductivity models of polymeric nanocomposites are discussed in general, and detailed examples are also drawn from the scientific literature.
Investigation of thermal conductivity of polymers

Lower thermal conductivity of polymers
The transport of energy from one place to another by energy carriers is heat transfer. Transportation of energy in solids is by phonons, electrons, or photons. That free movement of electrons is not possible in most polymers, phonons, quantized modes of vibration occurring in a rigid crystal lattice, are the primary mechanism of heat conduction in most of theirs. For theoretical prediction, the Debye equation is usually used to calculate the thermal conductivity of polymers.
where C p is the specific heat capacity per unit volume; v is the average phonon velocity; and l is the phonon mean free path. For amorphous polymers, l is an extremely small constant (i.e. a few angstroms) due to phonon scattering from numerous defects, leading to a very low thermal conductivity of polymers (Agari et al. [20] , Han et al. [6] ). Table 1 displays the thermal conductivities of some polymers (Han et al. [6] , T'Joen et al. [21] , Hu et al. [22] and Speight [23] ).
Crystallinity and temperature dependence of thermal conductivity of polymers
Han et al. [6] reviewed polymer crystallinity and temperature dependence of thermal conductivity of Polymers. They illustrated that the thermal conductivity of polymer is strongly affected by its crystallinity, which roughly varies from 0.2 W/mK for amorphous polymers such as polymethylmethacrylate (PMMA) or polystyrene (PS), to 0.5 W/mK for highly crystalline polymers as high density polyethylene (HDPE). The thermal conductivity of semi-crystalline polymers is reported to increase with crystallinity. For example, at 232
• C, the thermal conductivity of polytetrafluoroethylene (PTFE) is increased linearly with crystallinity. It is seen a large scatter in the reported experimental data of thermal conductivity of crystalline polymers, even including some contradictory results. It should be noticed that the thermal conductivities of polymers depend on many factors, such as chemical constituents, bond strength, structure type, side group molecular weight, molecular density distribution, type and strength of defects or structural faults, size of intermediate range order, processing conditions and temperature. The estimation of the thermal conductivity of polymers vs. crystallinity presents a significant degree of complexity; because of the phonon scattering at the interface between the amorphous and crystalline phase and complex factors on crystallinity of polymer. Semi-crystalline and amorphous polymers also vary considerably in the temperature dependence of the thermal conductivity. At low temperature, semicrystalline polymers show a temperature dependence similar to that obtained from highly imperfect crystals, having a maximum in the temperature range near 100K, shifting to lower temperatures and higher thermal conductivities as the crystallinity increases (Han et al. [6] , Yano et al. [24] ), while amorphous polymers depict temperature dependence similar to that obtained for inorganic glasses with no maximum, but a significant plateau region at low temperature range. The thermal conductivity of an amorphous polymer increases with increasing temperature to the glass transition temperature (T g ), while it decreases above T g . The investigation of the thermal conductivity of some amorphous and partially crystalline polymers (PE, PS, PTFE and epoxy resin) as a function of temperature in a common-use range (273-373 K) indicates that the conductivity of amorphous polymers increases with temperature and that the conductivity is significantly higher in crystalline than amorphous regions (Kline [25] ). It seems that very limited thermal conductivity is usually characteristic of polymers. On the other hand, there are many reasons to increase thermal conductivity of polymer based materials in various industrial applications including circuit boards in power electronics, heat exchangers, machinery and liquid cooling and ventilation garment. Because of this reason, researchers study on thermally conductive composite materials to overcome the limitations of traditional polymers (Han et al. [6] ).
Tab. 1. Thermal conductivities of some polymers (Han et al. [6] , T'Joen et al. [21] , Hu et al. [22] , Speight [23] 
Fillers for enhancement of thermal conductivity of polymers
Use of polymers with enhanced thermal conductivity is necessary for many applications. The thermal conductivity of polymers has been traditionally enhanced by the addition of thermally conductive fillers, including graphite, carbon black, carbon fibers, ceramic or metal particles and nano-clay. Wypych [26] explained the physical properties of fillers and filled materials in his Handbook of fillers. Han et al. [6] reviewed the thermal conductivity of some fillers (see Table 2 ) (Han et al. [6] , Mohaddespour et al. [19] , Wypych [26] ). Han et al. [6] quoted very important notice that significant scatter of data are typically reported for thermal conductivity of fillers. This is caused by several factors, including filler purity, crystallinity, particle size and measurement method. It is also important to point out that some materials, typically fibers and layers, are highly anisotropic and can display much higher conductivity along a main axis or on a plane, compared to perpendicular direction (Han et al. [6] ).
Tab. 2. Thermal conductivity of some fillers for enhancement of thermal conductivity of polymers (Han et al. [6] , Mohaddespour et al. [19] , Wypych [26] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] To achieve the appropriate level of thermal conductivity in thermally conductive polymer composites, high filler loadings (>30 vol.%) are typically necessary, which represents a significant processing challenge. Obtaining composites having thermal conductivities higher than 4 W/mK and usual polymer processability is very challenging at present. Because the processing requirements, such as possibility to be extruded and injection molded, often limit the amount of fillers in the formulation and, consequently, the thermal conductivity performance. Moreover, high inorganic filler loading dramatically changes the polymer mechanical behavior and density.
(Han et al. [6] , Veca et al. [27] , Kalaitzidou et al. [28] , Mohammed et al. [29] , Zhou et al. [30] ).
Measurement of thermal conductivity of nanocomposites
The thermal conductivity of nanocomposites can be measured using several methods. Classical steady state methods measure the temperature difference across the specimens in response to an applied heating power, either as an absolute value or by comparison with a reference material put in series or in parallel to the sample to be measured. However, these methods are often time consuming and require relatively bulky specimens. Several non steady-state methods have also been developed. Among these, laser-flash thermal diffusivity measurement is widely used, being a relatively fast method, using small specimens. In this paper, the common methods in measurement of the thermal conductivity of nanocomposites are described: comparative method, laser flash method, stable state method, the "two thermometer-one heater" method, line-source method and transient plane source (TPS) technique.
Comparative method
The thermal conductivity measurement can be done using a comparative method. A sample is cut into a strip shape and uses as a thermal link between two references (constantan foil) with similar dimensions. The temperature drops across the sample and the references can be compared to estimate the thermal conductivity of the sample (Gonnet et al. [10] ).
Laser flash method
Thermal conductivity (k) can be measured by the laser flash method (Sivakumar et al. [8] , Hirano et al. [11] , Kumari et al. [12] , Fujigaya et al. [13] , Ni et al. [31] ) using a thermal constant analyzer (for example TA-3000-UVH, Shinku Riko, Yokohama, Japan). Thermal diffusivity (α) and specific heat (C,) were measured by a laser flash method using a thermal constant analyzer. When thermal diffusivity is measured, the front surface of the specimen was coated with a dry graphite film and can be sintered at 773 K in vacuum in order to prevent direct transmission of the laser radiation.
Thermal diffusivity (α) was calculated according to a following equation,
where L is the specimen thickness and t 1/2 is the lapse of time for the back surface temperature to reach half its maximum temperature rise.
The absolute value of specific heat at room temperature and the temperature dependence of the specific heat were determined by the methods reported by Takahashi and Mtmbayashi and Kuriyama et al. respectively. When the absolute value of specific heat at room temperature was determined, an absorbing disk of glassy carbon was bonded with a small amount of silicon grease. Specific heat (C p ) was calculated according to the equation:
where m is the weight of specimen, Q is the energy of laser flash absorbed by the absorbing disk, ΔT m is the maximum rear-face temperature increase and C is the heat capacity of absorbing disk. Because the viscosity of silicon grease decreases at high temperature, the temperature dependence of specific heat was determined as relative values. The dry graphite film was applied to the front surface of the specimen instead of the absorbing disk. The absorption characteristics of the graphite film are assumed to be independent of temperature over the temperature range tested; thereby, the specific heat of the specimen was determined as a function of temperature.
The thermal conductivity (k) was calculated according to the equation:
where ρ is the density of the nanocomposites. Usually, nickel (99.9% pure) is used as a standard to check the apparatus.
Stable state method
Thermal conductivities of nanocomposites can be tested with a thermally conductive probe instrument RTC-C ( Fig.1 ) (for example Ronghua Electronic Instrument Manufacture Co. Ltd., Jiangsu, China) by the stable state method, which was fabricated according to the ASTM D-5470. Usually, the size of specimen is 13.0 cm in diameter and 0.20 cm in thickness. Measurements are carried out by heating the heater blocks up to 100
• C, with the thermal pads clamped in between the two calorimeters in order to produce an average specimen temperature of 50
• C. For this, a chiller plate with circulating water at a temperature of 26
• C is placed above the cooling calorimeter to create a thermal gradient from the heating calorimeter to the cooling calorimeter. During measurements, an onset pressure of 1 bar was applied to reduce the effects of contact resistance between the specimen and the calorimeters due to minor surface irregularities. Readings from the thermocouples are recorded when equilibrium is achieved, whereby two successive set of temperature readings are taken at 15 min interval, shows a difference of ±0.1
The thermal conductivity of the thermal pads are calculated from the Fourier's law, as is shown in Eq. (5), based on the assumption that the heat flow is one-dimensional in the perpendicular direction, and no heat loss occurs in the lateral direction:
where k is the thermal conductivity of thermal pads (Wm −1 K −1 ), the average heat flux (Q) is the amount of heat generated by two cartridge heaters, T hot-int the interface temperature of the heating calorimeter (K), T cold-int the interface temperature of the cooling calorimeter (K), A the surface area of tested thermal pads (m 2 ), and h is the thickness of thermal pads (m).
The average heat flux (Q) is the amount of heat generated by cartridge heaters, while the interface temperature for both the heating and cooling calorimeter were extrapolated from the temperature gradients obtained from the thermocouples embedded in each of the calorimeter block. The thicknesses of the thermal pads (h) are measured using a digital camera, with pin guides embedded in the calorimeter blocks as guidelines (Mu et al. [16] ).
The "two thermometer-one heater" method
Thermal conductivity measurements can follow the "two thermometer-one heater" method using a custom-built stage designed for the Quantum Design Physical Property Measurement System (PPMS). Cernox thermometers (LakeShore Cryotronics, Inc.) monitor the temperature of two polished oxygen-free highconductivity (OFHC) copper plates contacted to the ends of a cylindrical (~5.3 mm height×~4.7 mm diameter) sample. A 10 kΩ surface mount resistor heats the top plate (10 mm diameter× 1 mm thick) to a temperature T Hot . Heat flows from the top plate, through the sample, and into the bottom plate which is thermally grounded to T Cold by the PPMS. Apiezon N-grease enhances thermal contact to the sample. A gold-plated radiation cap around the stage fixed at T Cold and a high vacuum (<10 −5 Torr) reduce thermal losses due to radiation and convection, respectively. A typical measurement (see Fig. 2 ) consists of incrementing the heater current in four to five steps. Temperature differentials (ΔT=T Hot −T Cold ) of ~0.2 to 2.5 K are allowed to stabilize between each step for ~3 h, and thermal conductivity, k, is extracted from the slope of applied power I 2 R versus ΔT according to
where r and L are the cylindrical radius and length, respectively, and K Loss ΔT is the total heat loss through the manganin electrical leads and residual gas.
The heat loss due to radiation, P Rad , is estimated by the Stefan-Boltzmann law,
Here, ε 1 and ε 2 are the emissivities of the hot and cold surfaces, σ is the StefanBoltzmann constant, and A H is the area of the hot surface. This formulation is valid for reflecting concentric cylinders and parallel planes. The maximum calculated radiative loss (at ΔT=2.5 K) from the heated top plate, given A H =2× 10 −4 m 2 and ε 1 =ε 2 =0.05 for polished metal, is ~3% of the applied power. Additional radiative losses also occur from the temperature gradient in the sample itself. Assuming a worst-case ε 1 =1 for the samples, the maximum radiative loss from the sample surface is ~1.2% of the applied power. K Loss was estimated by measuring a Styrofoam cylinder and a hollow polystyrene straw with geometries nearly identical to the composite samples. The experiments clearly indicated that K Loss >>kπr 2 /L for these insulators, and K Loss was determined to be (4.18±0.09)× 10 −4 W/K (Bryning et al. [18] ).
Fig. 2.
Inset (a) depicts the measurement setup. The main plot shows the applied current and corresponding temperature response of the top and bottom plates. In inset (b), the slope of the applied power (I 2 R) vs the temperature differential (ΔT) gives the thermal conductance of the sample, from which thermal conductivity is extracted (Bryning et al. [18] ).
Line-source method
Thermal conductivity can be measured using a Thermo-flixer (for example SWO Polymertechnik GmbH) in the temperature range from 40 ºC to about 270 ºC. The measurement technique is based on the line-source method. A bubble-free sample of the polymer melt was obtained, by repeatedly inserting then compressing small amounts of polymer into a cylindrical sample container (diameter of 0.98 cm with a length of 2.5 cm). The container was located in the center of a well-temperaturecontrolled oven. A thin probe containing a heater wire and a small thermocouple was inserted on the centerline of the molten sample. A small change in the probe temperature (2-5 ºC) after the start of power output from the probe heater was recorded and thermal conductivity was calculated from this temperature change within the first 10s. The estimated uncertainty in the measured thermal conductivity is ±10% (Jafari Nejad et al. [5] , Kashiwagi et al. [9] ).
Transient plane source (TPS) technique
Measurement of thermal transport properties of nanocomposites in a copolymer matrix can be made using transient plane source (TPS) technique. The sample holder ( Fig. 3 ) containing these samples is placed in a furnace having sensitivity of 1 K. After achieving the isothermal conditions in the sample, a constant current pulse of width 15 s and height 0.0792 Amp is passed through the heating element. In this method, the measurements are performed with a TPS element of the type shown in Fig. 4 . It is made of 10 μm-thick nickel foil with an insulating layer made of 50 μm-thick kapton, on each side of the metal pattern. Evaluation of these measurements is performed in a way that was outlined by Gustafsson. No influence could be recorded from electrical connections, which are shown in Fig. 5 . These connecting leads had the same thickness as the metal pattern of the TPS element. Each TPS element had a resistance at room temperature of about 3.26 Ώ and a temperature coefficient of resistance (TCR) of around 4.6×10 -3 K -1 . Owing to the change in average temperature of the sensor, the potential difference across it will change. The transient potential difference across the terminals is recorded by a digital multimeter, and the current through the TPS sensor with a digital power supply. The current in the circuit is adjusted according to the nature of the sample material. Multiple readings at appropriate intervals are taken to ensure the accuracy of the results. The TPS programmer used here is capable of recording the temperature of the sample through the TPS sensor itself. In addition to this a sensitive thermometer is kept just above the sample pieces inside the furnace to monitor the temperature of the sample.
The TPS method consists of an electrically conducting pattern (Fig. 4) in the form of a bifilar spiral, which also serves as a sensor of the temperature increase in the sample. The sensor is sandwiched between the thin insulating layers of kapton. Assuming the conductive pattern to be in the y-z plane of a co-ordinate system inside the sample, the rise in the temperature at a point y-z at time t due to an output power per unit area Q is given by
, and τ = [t /θ] 1/2 . a is the radius of the hot disc which gives a measurement of the overall size of resistive pattern and θ is known as the characteristic time. σ is the variable parameter, k is the thermal conductivity in units of W/mK and α is the thermal diffusivity in unit of mm 2 /s of the sample material. The temperature increase ΔT(y,z,t) because of flow of current through the sensor gives rise to a change in the electrical resistance ΔR(t) which is given as
where R o is resistance of TPS element before the transient recording has been initiated, β is TCR and ) (τ T Δ is the properly calculated mean value of the timedependent temperature increase of the TPS element. During the transient event,
can be considered to be a function of time only, where as in general it will depend on such parameters as the output power in TPS element, the design parameters of the resistive pattern, and the thermal conductivity and thermal diffusivity of surroundings.
is calculated by averaging the increase in temperature of TPS element over the sampling time because the concentric ring sources in TPS element have different radii and are placed at different temperatures during the transient recording. It is possible to write down an exact solution for the hot disc if it is assumed that the disc contains a number 'm' of concentric rings as sources. From the ring source solution we immediately get
In Eq. (10), P 0 is the total output power, L 0 is the modified Bessel function and l, j are the dimensions of the resistive pattern. T o record the potential difference variations, which normally are of the order of a few millivolts during the transient recording, a simple bridge arrangement as shown in (Fig. 5 ) has been used. If we assume that the resistance increase will cause a potential difference variation ΔU(t) measured by the voltmeter in the bridge, the analysis of the bridge indicates that
The definition of various resistances is found in Fig. 5 . R p is the lead resistance, R s is a standard resistance with a current rating that is much higher than I o , which is the initial heating current through the arm of the bridge containing the TPS-element. γ is the ratio of the resistances in two ratio arms of the bridge circuit, which is usually taken to be 100 (Joshi et al. [14] ).
Modeling of thermal conductivity in nanocomposites
Thermal conductivity models
Many theoretical models are available to predict the thermal conductivity of nanocomposites. The simplest of these are mixture rules such as series, parallel, and geometric models, which are given by (Agarwal et al. [32] 
Series model is:
Parallel model is:
And geometric mean model is:
where, k is the thermal conductivity of the composite and k m and k f are thermal conductivities of the polymer matrix and filler material, respectively. However, the series model typically over predicts the thermal conductivity, whereas the parallel model tends to under predict the thermal conductivity of the nanocomposites. This is because these models are based on the amount of filler loading and do not take into account the true geometry and the size of the filler particles. Other models such as the Hamilton-Crosser model and the Lewis-Nielsen model are based on particle size, geometry, and the manner of particle packing in the matrix. The expression for the Hamilton-Crosser model is given by:
where k, k m , and k f are thermal conductivities of composite, matrix material, and fibers, respectively. V f is the volume fraction of the filler material and n is a geometric factor based on sphericity of the particles.
The Lewis-Nielsen model is given by:
where A is a factor akin to Einstein's coefficient, but it also depends on the alignment of fibers with respect to the heat flow and the aspect ratio. For example, for isotropically oriented long fibers (l/d>15) A is 8.38. Similarly, for heat flow parallel to the fibers, A is 2l/d while for heat flow perpendicular to fibers, it is 0.5. m φ is the maximum packing fraction for the particles in the matrix. For three dimensional random packing this quantity is 0.52, whereas for uniaxial random packing it is 0.82.
To explain the increase in thermal conductivity of the hybrid nanocomposites, one may adapt the Lewis-Nielsen model to the situation at hand to obtain
Prasher et al. have proposed a model based on Every's model that takes into account the effect of interfacial boundary thickness and the particle size. Their result is
In which Bi is the Biot number defined as
where R b is the interfacial resistance and d is the diameter of the nanoparticles. This equation shows that k increases with a decrease in the value of Bi, which happens if interfacial resistance decreases or the particle size increases (Agarwal et al. [32] ).
Thermal conductivity of a particulate composite based on Rayleigh-Maxwell's model is expressed by
where k is the thermal conductivity and V is the volume fraction. The subscripts p and m refer to particulate and matrix, respectively (Maensiri et al. [17] ).
For a nanocomposite with spherical inclusions dispersed uniformly in the matrix, below equation is proposed to estimate the thermal conductivity of the nanocomposite
Here, k, k m and k d are the conductivities of the composite, matrix and dispersion, respectively, and V d is the volume fraction of the dispersion (Hirano et al. [33] ).
Effective medium theory (EMT) is used to analyze the thermal conductivity of the composites. EMT is commonly used to describe microstructure-property relationships in microstructurally heterogeneous materials, in particular to calculate and/or predict the effective physical properties of a heterogeneous system. Assuming a homogeneous and isotropic effective medium with property k 0 and a perturbation in property, ) ( ' r k , due to the presence of the filler, the property of the heterogeneous medium at position r is thus expressed as:
.By using the Green's function G for the homogeneous medium and the transition matrix T for the entire composite medium, the resultant effective property of the composite is expressed as:
, where I is the unit tensor and denotes spatial averaging.
By neglecting the interaction between filler units at relatively low filler loading, the matrix T is simplified to
Taking the polymer matrix phase as the homogeneous reference medium and assuming perfect filler/polymer interfaces, Lin et al. [34] 
where k e11 (=k e22 ) and k e33 are the in-plane and the through-thickness effective thermal conductivities of the nanocomposite sample, respectively; V f is the volumetric filler loading; k m is the isotropic thermal conductivity of the matrix; k f11 (=k f22 ) and k f33 are the in-plane and the through thickness thermal conductivities of the filler unit, respectively; p reflects the aspect ratio of the filler (the thickness over the in-plane diameter of a filler unit) and for example for graphite nanosheet is, on average, 5/2000; The effective thermal diffusivity (α e ) of the nanocomposites can be directly obtained in the experimental measurement. The effective thermal conductivity (k e ) can be then calculated using the equation
. A common mixing rule was used to calculate the mass density (ρ) and the specific heat (C p ) of the nanocomposites, with
where ρ m and ρ f are the mass densities of the matrix and the filler, respectively. C p,m and C p,f are specific heat of matrix and filler, respectively and w is the mass fraction of filler in the nanocomposite sample (Lin et al. [34] ).
There are various effective medium approaches (EMA) like the Maxwell-Garnett (MG) approximation to analyze the thermal transport behaviour in heterogeneous media such as thermal conductivity of some composite structures. The validity of the conventional EMA has been proved, and the MG-EMA has been known to be reasonable for matrix based composites with small filling ratios. Based on developed EMA formula for polymer/clay nanocomposites media, the thermal conductivity of polymer/clay nanocomposites can be estimated by the following equation:
Here, k, k pol and k c are thermal conductivities of the nanocomposite, polymer matrix and nanoclay, respectively, and f is the volume fraction of nanoclay in the nanocomposite. This model based on developed Maxwell-Garnett (MG) formula. The model presented here can be used merely for matrix-based composites, in which layered silicates are surrounded by the matrix either with compatibilizer or without it. The MG formula is for very low range of layered silicates into the matrix in which the layers are randomly dispersed into the matrix so that the results are diverted from the real amounts for continuous networks. This model satisfactorily predicted the thermal conductivity coefficient of high density polyethylene (HDPE) and polypropylene (PP) nanocomposites for low range of clay content into the matrices. In general, the thermal conductivity for an exfoliated structure decreases in comparison with an intercalated structure. Instead, this coefficient remarkably increases by the clay content. This increase is amplified whatever the clay content is raised. A similar observation has been recognized for N6/clay nanocomposites. In fact, the Maxwell model can not correctly predict the thermal conductivity for high clay content as well as an intercalated structure of polymer/clay nanocomposites where the layered silicates indicate more appetite to be accumulated (Mohaddespour et al. [19] ).
An early theoretical study (Nan et al. [37] ) in CNT-based composites showed that thermal conductivity of the composite was predicted by a simple equation which was based on the conventional model. Assuming the thermal resistance at the nanotube interfaces is negligible, the thermal conductivity of the nanocomposites, k is given by Nan et al. [38] . [39] ). An alternative or additional implication is that high interface thermal resistance, which consists of contact resistance for the heat flow between the carbon nanotube and interfacial thermal resistance between the CNT and the matrix, limits thermal transport along the percolating network of the CNTs.
It is now known that the interface thermal resistance is the Kapitza resistance, R i , Nan et al. [38] derived a formulation based on an effective medium approach (EMA) as follows:
where L is the length of the nanotube, and Ri is a Kapitza radius and Ri is about 8 × 10 -8 m 2 K -1 W -1 (Nan et al. [38] ).
Gonnet et al. [10] have considered several models to describe the thermal conductivity of the buckypapers and their composites. Since the buckypapers formed a continuous SWNT network in the nanocomposites, the rule of mixture may provide a good prediction, which can be expressed as follows:
Here, k, k m and k b are thermal conductivities of the nanocomposite, matrix and buckypapers, respectively, and V f is the volume fraction of CNT in the composite.
The model for randomly oriented nanotubes in a composite presented by Nan et al. [38] was also considered as following:
Even though this model was designed to predict the thermal conductivity of randomly dispersed nanotubes in a matrix, Gonnet et al. have considered a modified form to attempt to model the buckypaper composite behavior. The thermal conductivity (k f ) of isolated and individual nanotubes would greatly overestimate the conductivity of the resultant composite. The large interface resistance to heat flow and interfacial contact in CNT nanocomposites may explain the overestimation previously reported (Nan et al. [38] ). These effects could be taken into account by instead using the thermal conductivity of the buckypaper, since some tube-tube contacts and interface resistance are already taken into account in the buckypaper thermal properties. Therefore, Gonnet et al. [10] have changed k f to k b in Eq. (16) to obtain the following modified model:
This model predicts a lower thermal conductivity than the simple rule of mixture model and more closely follows the experimental results. The results of this model are closer than the prediction by the rule of mixture for both random and aligned composite samples.
A formulation of effective medium theory appropriate to considers a system of randomly oriented rods in a host medium. The effective thermal conductivity of the composite (k eff ) is
where, k m and k f are the thermal conductivities of the matrix and the CNT, respectively, V f is the nanotube volume fraction, L is the length of the nanotube and R k is interfacial resistance at the CNT/matrix interface (Bryning et al. [18] , Clancy [35] 
where k e is the thermal conductivity of the composite, k m is the thermal conductivity of the matrix and V f is the volume fraction of the inclusion. The indices '1' and '3' refer to the dimensions a 1 and a 3 respectively. Fig. 6 depicts this ellipsoid. The subscripts (ii) in L ii refer to the coordinates of the graphite nanoparticle, where '3' is the direction perpendicular to the face of the ellipsoid shaped graphite nanoparticle and β ii is defined as: 
For the carbon nanotubes, either single-walled or multi-walled, the thermal conductivity is quite high, e.g., from 600 to 6000 W/mK. If k fii of the carbon nanotubes are much larger k m , then one get a simple equation as Eq. (38) . Furthermore, in the dilute limit as in the carbon nanotube composites reported in the literature, e.g., V f < 0.02, the thermal conductivity enhancement is simply given by
Even in the case of k f11 being lower k f33 [i.e., high anisotropy in the thermal conductivity of the carbon (multi-walled) nanotubes] but k f33 /k m >>1, the dilute Eq. (50) still holds. Actually, only one isotropic thermal conductivity k f was observed for the carbon nanotubes. This quite simple relation (50) clearly demonstrates the large thermal conductivity enhancement induced by the high thermal conductivity of the carbon nanotubes (Nan et al. [37] ).
Nan and co-workers further modified theory by incorporating the influence of interface thermal resistance and gave the following relation (Nan et al. [38] )
where R k is the interfacial resistance between the carbon nanotube and matrix. D is the diameter of carbon nanotube. In the calculations, the interfacial resistance value, R k = 8. [ ]
where k is the composite thermal conductivity in W/mK; k m is the matrix thermal conductivity in W/mK; k f is the filler (MWNT) thermal conductivity in W/mK; V f is the absolute volume fraction of filler; l is the MWNT length in meter; D is the MWNT diameter in meter.
In order to get a better idea of the thermal events that have been taking place in the samples, a model incorporating the effective interfacial resistance between the nanotube and epoxy can be used (Bryning et al. [18] , Balakrishnan et al. [40] ). This model termed the Effective Medium Theory has been stated as: 
Models for the effect of temperature on thermal conductivity
In electrically insulating materials phonons play a major role in thermal conduction. Therefore, the thermal conduction mechanism of composite must be controlled by phonon-phonon scattering and/or phonon-defect (pore, lattice defect, impurities, grain boundary, etc.) scattering. At room temperature, the phonon mean free path will be nearly equal to the inter-scattering centres. The phonon mean free path (l) is given as
where α is the thermal diffusivity and υ is the group velocity of phonon (Gong et al. [15] , Hirano et al. [33] ).
Usually it is seen that thermal diffusivity increases linearly but slowly with temperature before the peak of thermal diffusivity, proceeds towards a maximum, which occurs almost at the same temperature where effective thermal conductivity also shows its maximum or peak value. For further increase of temperature over the characteristic temperature T 0 (where α eff and k eff show their maxima) the effective thermal conductivity and thermal diffusivity decreases very slowly. In the low temperature region below T 0 the temperature dependence of effective thermal conductivity and effective thermal diffusivity is controlled by the variation of phonon mean free paths. By means of a least squares fit to the experimental data of effective α and k as a function of temperature, following empirical relationships have been developed for the theoretical prediction of α eff and k eff .
where A, B, C, D, F, G, H and J are constants calculated by experimental conditions. T is the temperature of the composite in absolute temperature units. Observed variation in α eff and k eff with temperature can be explained by considering the effect of temperature on structural units in a phenomenological manner. In the temperature range below T 0 the temperature dependence of α eff and k eff is controlled by the variation of phonon mean free path due to structure scattering, stray scattering and chain defect scattering. For temperatures below T 0 , structure scattering becomes predominant besides chain defect scattering, scattering due to defects introduced by blends and relatively smaller length of chain segments. With rising temperature the polymeric chain becomes straighter. Therefore, mean free path increases, resulting in the increase of α eff and k eff (Joshi et al. [14] ).
Also, the effect of temperature on the thermal conductivity coefficient (k) of nanocomposites can be included as the following simple equation:
where S 0 and S 1 are constants and are calculated by experimental conditions using least square method. T is the temperature of the composite in absolute temperature units (Jafari Nejad et al. [5] and [41] ).
The sets of data points can be analyzed from an activation energy perspective to understand the effects of temperature on the conductivity of the samples. An Arrhenius type equation can be used for this purpose which is stated as
where k e is the effective conductivity in W/mK, K B is the Boltzmann's constant in J/mol. K B = 8.31 J/(mol K), a E is the activation energy in J/(mol). A straight line fit is obtained for the data points for plots between 1/T and ln (k e ). k 0 is the intercept of the straight line fit in the plot (Balakrishnan et al. [40] ).
The thermal conductivity, k (W/mK) can be fitted as a function of the absolute temperature T(K) to an equation:
where the k(T 0 ) is the thermal conductivity at temperature T 0 and T 0 is room temperature (298.15 K), F 0 and F 1 are constants can be calculated by experimental data using least square method (Assael et al. [42] ).
Effective parameters on the thermal conductivity of nanocomposites
The thermal conductivity coefficient of polymeric nanocomposites depend on type of polymer, filler (type, amount, the atomic structure, size, the morphology, the defect and the purification, etc), the roles of particle/polymer and particle/particle interfaces, dispersion alignment, and polymer crystallization.
The effect of type of polymer, filler (type, amount, the atomic structure, size, the morphology, the defect and the purification, etc) are obvious and discussed in many papers (Han et [61] , Nardelli et al. [62] ). In this study, we focus on the roles of particle/polymer and particle/particle interfaces, dispersion Alignment, and polymer crystallization.
Published results are showing that the enhancement in the thermal conductivity of polymer/filler composites failed to match the theoretical prediction. Also, the concentration dependence of the thermal conductivity of polymer/filler composites does not reveal percolation behaviour in the vicinity of electrical percolation concentration (Han et al. [6] , Mamunya et al. [63] ). Literature review illustrate that the experimental results for CNT based nanocomposites are much closer to the lower bound conductivity model rather than to the upper bound rule of mixing: this reflecting exactly the behavior of traditional microcomposites. This appears to be disappointing, considering that the outstanding aspect ratio easily leads to a percolation network in the polymer matrix. Attempts to extend the classical composites modeling to nanocomposites were reported and recently reviewed elsewhere (Han et al. [6] , Deng et al. [64] ). For example, the Maxwell-Garnett effective medium approach was applied by Nan et al. [37] , resulting in an overestimated prediction, based on an assumed CNT thermal conductivity. Later, this model was refined taking into account the effective aspect ratio, which is much lower than the assumed value for straight CNT, owing to bending of CNT in the matrix (Han et al. [6] , Deng et al. [65] ). The effect of interfacial resistance has been discussed by several researchers (Han et al. [6] , Shenogin et al. [66] , Shenogina et al. [67] ). However, serious limitations apply to these models addressing only low amount of CNT, extremely high CNT length and no or negligible contact between CNTs, which is in clear contrast with the well-known percolation capability of CNT even at low concentration. An attempt to apply the Lewis-Nielsen model to thermal conductivity results for composites containing up to 49 vol.% SWCNT was reported by Xu et al. [68] , obtaining a large conductivity over estimation, compared with the experimental results. However, the values for particle geometry and orientation (A) and maximum packing fraction parameters are not obvious for nanocomposites, which may lead to significant deviations. Guthy et al. [69] also applied the Nielsen model to PMMA/SWCNT, confirming a very high sensitivity of the prediction to the geometrical parameter. Therefore, it seems that the proper exploitation of the thermal conductivity and aspect ratio of CNTs requires a very careful control of the micro-and nanostructure of the composite (Han et al. [6] ).
The extent of polymer/particle interfacial area is maximized by the large surface area of the nanoparticles in a polymer nanocomposite. Also, in the case of percolating network, the number of contact points between particles increases with decreasing particle size. For these reasons, expect of a significant role of the interfaces in thermal conductivity of nanocomposites is reasonable. Many of literature are reported on the thermal resistance at the solid-liquid or solid-solid interface, also referred to as Kapitza resistance from the name of the discoverer of the temperature discontinuity at the metal-liquid interface. This effect is assumed to apply at the interface between filler and polymer matrix and possibly also in direct contact between filler. Usually, filler-polymer and filler-filler interfaces are referred by the terms interfacial resistance and contact resistance, respectively. One of the key issues for the successful thermal transport of filler/polymer composites is optimization of the polymer-filler and filler-filler interfaces (Han et al. [6] ).
The interfacial thermal resistance represents a barrier to the heat flow associated with the differences in the phonon spectra of the two phases (depending on atomic arrangement and density) and possible weak contact at the interface (Han et al. [6] , Shenogin et al. [66] ). The modeling literature does not discuss the relationship between chemical structure and overall thermal performance and provides some information on the phenomenology of interfacial thermal resistance. The reported information clearly evidence the role of interfacial resistance on the heat exchange between filler and surrounding polymer, but the question remains as to how important this mechanism is in the objective of producing highly conductive composites based on fillers. The interfacial thermal resistance is usually addressed as a factor explaining the deviation from models derived from the basic parallel model. Thus, in a best case of perfect contact, the composite exhibits a conductivity, which is still not satisfactory. Good thermal contact between nanoparticle and polymer can in principle be obtained by close molecular contact and correspond to a relatively high efficiency in transferring thermal energy from filler to the polymer. However, due to the very low mean free path for phonons in the polymer (a few angstroms) compared to the mean free path on fillers (for example for CNTs hundreds of nanometers) (Han et al. [6] , Prasher et al. [70] ), the theoretical scenario of perfectly dispersed CNT having no contact with each other and exchanging heat with the surrounding matrix does not appear to be convenient when aiming at efficient heat conduction. In fact, preferential conduction of thermal energy along particles forming a percolating network is the basic idea behind the use of highly conductive and high aspect ratio nanoparticles such as CNTs.
Han et al. [6] quoted that usually, CNT based polymer nanocomposites easily form percolating network at very low concentration, as evidenced by electrical conductivity above the percolation threshold. This fact is usually taken as a proof that CNTs are in contact with each other. However, the features of these CNT-CNT contacts are mostly unknown, especially in terms of thermal conduction. Even though no rapid increase was observed in the thermal conductivity at the percolation threshold, the percolation model was also applied to thermal conductivity of CNT-based nanocomposites and suspensions (Han et al. [6] ). Foygel et al. [71] used Monte Carlo simulations for classical percolation in a model to estimate parameters for thermal conductivity percolation, based on equation:
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where, k is the thermal conductivity, k 0 is pre-exponential factor that takes into account conductivity of nanotubes and of their contacts with each other, V f is the volume fraction, V fc is the critical volume fraction for percolation, p is the aspect ratio and t is a factor accounting for the percolating network characteristics. Calculation from CNT suspension experimental data led to k 0 in the range between 64 and137 W/mK, this value representing the effective conductivity of the CNT network. This value is obviously much lower than both the theoretical and measured CNT conductivities reported and this fact is related to the contact resistance between CNTs in the network. Based on the k 0 calculation, the researchers also predicted the value of the network resistance (including the thermal resistance of the nanotube and the contact between the nanotubes) to be in the range of 10 7 to 10 8 K/W (Han et al. [6] ). Low efficiency in thermal contact between CNTs has been reported by other researchers. Hone et al. [72] reported the thermal conductivity of SWCNT freestanding networks, showing much higher thermal conductivity from 10 to 400K in the alignment direction compared to that for un-aligned SWCNT. At room temperature, the thermal conductivity and effect on the contact efficiency, in term of CNT-CNT overlap. Similar results were reported by Gonnet et al. [10] for magnetically aligned buckypapers (a preformed nanotube network or nanotube mat), which showed much higher thermal conductivity along the alignment direction compared to the perpendicular direction or the unoriented buckypaper. The thermal conductivity of the random buckypaper epoxy composites was lower than both parallel and perpendicular nanocomposites, suggesting that reduced contact resistance for the oriented buckypaper is retained in the nanocomposites (Han et al. [6] ).
Han et al. [6] illustrated that the total contact area in a polymer nanocomposite is strongly affected by both dispersion and preferential orientation of filler: as a first approximation, the more aggregated and oriented the filler, the higher the thermal contact they can exhibit. Randomly dispersed filler in polymer composites are difficult to provide proper pathways for phonon transport, as the point interconnections in the random fillers network pose severe limitation to effective phonon transfer. In contrast, interconnections formed by alignment are able to build a two-dimensional structure of the filler (CNT) network and extensive tube-tube overlap of individual tubes, which are desirable features for effective heat transport from one nanotube to the other. Functionalization of carbon nanotubes may in principle be oriented to reduce the thermal contact resistance between adjacent CNTs, despite little work has been done so far on this. In particular, interactions stronger than Van der Waals forces are assumed to be beneficial for phonon transfer from one tube to another. CNTs decorated with silver showed slightly improved performance in epoxy resin compared to reference CNTs, possibly due to reduced contact resistance. The use of two or more fillers with different shapes may also be beneficial in term of particle contact surface. A synergistic effect between graphite nanoplatelets (GNPs) and SWCNTs in the enhancement of the thermal conductivity of epoxy composites was reported by Yu et al. [73] , ascribed to the formation of a more efficient percolating hybrid CNT/GNP network with significantly reduced thermal contact resistance. Similar results were obtained for PP composites, in which thermal conductivity is also synergistically enhanced by combining CNTs with carbon black and synthetic graphite (Han et al. [6] , King et al. [74] ).
Because of the small size and high aspect ratio, leading to the formation of filler bundles and aggregates, Dispersion is one of the critical issues with regard to the processing of polymer/filler composites. Many techniques, such as high power ultrasonication, surfactant-assisted processing and functionalization of fillers, have been proposed and used to get well dispersed fillers in polymers (Ke et al. [75] ). Han et al. [6] and Xie et al. [76] reviewed the recent progress made towards the improvement of dispersion of CNTs in polymer matrices. However, in contrast to the usual idea to disperse CNT, a key issue in producing superior CNT nanocomposites for thermally conductive applications appears to be the ability to control aggregation of the CNT in polymeric matrices to obtain an interconnecting network suitable for heat transfer. In fact, dispersion of CNT into isolated particles with little or no contact with each others has been shown to lead to very low efficiency for thermal conductivity. Han et al. [6] illustrated that it seems very difficult to provide general rules for the relationship between the dispersion of nanofillers and thermal conductivity of their nanocomposites for several reasons. First, the dispersion of filler is a relative concept, dependent on the experimental techniques used, as well as the authors' interpretation, and little or no quantitative parameters are used in literature, making difficult or impossible the comparison between results reported in different papers. Moreover, dispersion is often dependent on other parameters affecting thermal conductivity. For example, dispersion is obviously related to CNT functionalization, but functionalization affects the thermal conductivity of the CNTs, so that the two effects cannot be studied independently. Similarly, dispersion depends on the mixing energy imposed, but mixing energy may also affect the thermal conductivity of the CNTs, by introducing defects and/or shortening (Han et al. [6] ).
If all the fillers embedded in the matrix are strictly aligned, which can be obtained using preformed filler arrays; an anisotropic thermal conductivity of composites can be expected (Han et al. [6] ). Gonnet et al. [10] achieved in-plane SWCNT alignment under a high magnetic field. However, similar thermal conductivities were seen in the aligned and perpendicular direction of the epoxy nanocomposites, even though the magnetically pre-aligned buckypapers (a preformed nanotube network or nanotube mat) had a much higher thermal conductivity along the alignment direction.
Han et al. [6] depict that since effective phononic conduction requires geometrically regular and strong bonds, the crystallinity of macromolecules, i.e. the packing of polymer chains in crystal lattice structures, is certainly important for the thermal conductivity of nanocomposites. The presence and features of a crystalline structure are expected to strongly influence heat transfer in both the polymer phase at the interface between CNT and polymer. Furthermore, in semi-crystalline/CNTs composites, CNT can provide nucleation sites for polymers and accelerate the crystal growth rate, as well as modify the crystal shape. CNTs have been shown to alter the crystallization kinetics of semi-crystalline polymers, including polyolefins, polyamide, poly(vinyl alcohol) and poly(vinylidene fluoride), acting as a heteronucleation agent and/or imposing a nanoconfinement effect. This strongly affects the rate of crystallization, the crystalline fraction and the shape of crystalline domains, including the formation of peculiar shish-kebab structures, reviewed elsewhere (Han et al. [6] , Wang et al. [77] ).
Thermal conductivity prediction approaches
Estimation of the thermal conductivity of polymer/Clay nanocomposites
High density polyethylene and polypropylene/Clay nanocomposites are synthesized by melt blending, in which polyethylene glycol and polypropylene glycol are used as compatibilizers to increase the space of galleries. A conventional model based on developed Maxwell-Garnett formula (Eq. 34) is also established to predict the thermal conductivity of polymer/clay nanocomposites with clay loading. This model presented excellent results for low range of clay content into the both matrices. It was also based on homogeneous dispersion of layered silicates and showed a deviation to predict the k values for higher clay contents. The k values increased remarkably for nanocomposites with 10 wt % of clay owing to their intercalated structure. The presented model could also predict the coefficient for high ratio of k/k m ; nevertheless, this model can be solely used for matrix-based composites with low range of layered silicates. The deviation of this model from experimental result for 10 wt % of clay can be attributed to the intercalated structure of layered silicates into the matrices. Although the k values do not considerably increase in 5 wt % with respect to the increase occurs for 10 wt % of clay, but it increases about 28 and 37% at 50 ºC for high density polyethylene and polypropylene/Clay nanocomposites, respectively. It is found that the thermal conductivity of the nanocomposites is increased with increasing temperature (Eq. 61) (Jafari Nejad et al. [5] , Mohaddespour et al. [19] ).
Estimation of the thermal conductivity of polymer/Cbarbon-based filler nanocomposites
Nan et al. [37] have given simple equations (Eq. 38 and 50) for predicting the effective thermal conductivity of the nanotube-based composites based on the conventional effective medium model. The theory shows that dispersion of a quite small amount of carbon nanotubes can result in a remarkable enhancement in the effective thermal conductivity of the composites. Eq. (38) or (50) predicts higher thermal conductivity values than the experimental observations so far. This implies that there is still much room for further enhancement in the thermal conductivity of the carbon nanotube-based materials by improvement of processing and quality of carbon nanotubes used. The large discrepancies between the predictions and current experiments could be due to interfacial thermal resistance between the matrix and nanotubes, and aggregation and twist of the nanotubes in the composites. The nanotube/matrix interfacial thermal contact resistance can arise from the combination of a poor mechanical or chemical adherence at the interface and other mismatch, and the presence of the nanotube/matrix interfacial thermal resistance could result in a drop in the effective thermal conductivity. The aggregation of the nanotubes could lead to a decrease in k, and the twist of the nanotubes could lead to a decrease in effective aspect ratio values of the nanotubes. The lower enhancement in the effective thermal conductivity of the nanotube composites than predicted could also reflect processing challenges and poor nanotube dispersion, especially in solid composites. As in the mechanical composites, the thermal conductivity enhancement in the nanotube-based composites is still below the expected, which could be mainly limited by processing. Comparison with recently reported experiment for the nanotube suspensions illustrates that the observed anomalous thermal conductivity enhancement lies within reasonable range covered by the conventional model rather than really anomalously beyond the conventional model. The reasonable conventional models are still valid for the carbon nanotube based composites.
Agarwal et al. [32] used an internal mixer to prepare polycarbonate (PC)-based nanocomposites containing carbon fibers, carbon nanofibers (CNF), and mixtures of the two fillers. Fig.7 compares experimental data for both the nanocomposites and the microcomposites made with randomly oriented fibers in PC with a variety of theoretical predictions. For the microcomposite, the geometric and Lewis-Nielsen models seemed to over predict the measurements, whereas the parallel model under predicted the results. The Hamilton-Crosser model appeared to provide fairly close predictions when n was chosen to equal to 6, which was for long fibers. For the nanocomposite samples, however, none of the models provided a satisfactory prediction of thermal conductivity. This may be due to the fact that the experimental data are themselves not internally consistent because the thermal conductivity is found to decrease with increasing filler concentration. It has also been observed that nanomaterials, despite having a very large thermal conductivity, do not, in general, impart the expected enhancement in thermal conductivity. This behavior is attributed to their very large surface area which results in a large interfacial resistance to heat flow between the nanoparticle surface and the matrix material due to incomplete bonding and phonon acoustic mismatch. Fig.6a shows theoretical predictions of Prasher et al. model for B i =0.15 (shown as model 1) and Bi=0.06 (shown as model 2), representing high and low thermal interfacial resistance. This might be used to explain the observed decrease in the thermal conductivity at 30 vol% filler loading in the nanocomposites. Indeed, a levelling off in the thermal conductivity with nanoparticle loading or even a decrease has been observed by others as well (Agarwal et al. [32] ). It has been suggested that, at higher concentration levels of nanofibers, there is incomplete wetting of the nanofiber surfaces leading to higher interfacial resistance and a lower thermal conductivity.
A very significant increase in the thermal conductivity is observed if a hybrid mixture of CF and CNF is used. To explain this increase in thermal conductivity of the hybrid nanocomposites, we can use the Lewis-Nielsen model. For CF, 2l/d was chosen to be either 20 or 10 whereas for CNF, 2l/d was taken to be either 50 or 100. These values were chosen from the fiber size observed from the electron micrographs. In each case, the total volume fraction of filler was kept constant at 0.4. It can be seen that for vertically aligned fibers, the measured values are close to or in between the theoretical values for the small and large aspect ratios. However, for isotropic and horizontal cases, the agreement was not very good. Examining the theoretical values further, it should be noticed that, for vertically aligned fibers, the theoretical thermal conductivity increases monotonically with increasing CNF fraction in the mixture whereas for the isotropic fibers it seems to go through a minimum. These trends do not always agree with the experimental results and point to the need for better predictive equations (Agarwal et al. [32] ).
Clancy et al. [36] used Molecular Dynamics (MD) simulation to estimate the interfacial thermal (Kapitza) resistance between nanoparticles and amorphous and crystalline polymer matrices. Bulk thermal conductivities of the nanocomposites were then estimated using an established effective medium approach (Eq. 43). To study functionalization, oligomeric ethylene-vinyl alcohol copolymers were chemically bonded to a single wall carbon nanotube. The results, in a poly(ethylene-vinyl acetate) matrix, are similar to those obtained for grafted linear hydrocarbon chains. To study the effect of noncovalent functionalization, two types of polyethylene matrices, aligned (extended chain crystalline) vs. amorphous (random coils) were modeled. Both matrices produced the same interfacial thermal resistance values. Functionalization of edges and faces of plate-like graphite nanoparticles was found to be only modestly effective in reducing the interfacial thermal resistance and improving the composite thermal conductivity. MD results from EVOH functionalization of the SWCNT indicate that a variety of functionalization architectures are useful in achieving lower thermal interfacial resistance and therefore higher thermal conductivity.
Simulations of graphite nanoparticles (GNP) in ethylene-vinyl acetate clearly predict that alkane functionalization should not result in an increase in thermal conductivity comparable to that seen with SWCNT filler. This is due to three factors: lower assumed conductivities of the GNP; the slightly higher interfacial resistance of the GNP (15-30 ×10 -8 m 2 K/W); and a smaller assumed aspect ratio. The multiscale approach presented here may be useful in optimizing nanocomposite properties (Clancy et al. [6] ).
Lin et al. [34] used an effective medium model (Eq. 27) to analyze the effective thermal conductivity of the GNS/polymer nanocomposites and has shown good validity. Strong influences of the aspect ratio and the orientation of the GNS are evident. As expected, interfacial thermal resistance still plays a role in determining the overall thermal transport in the GNS/polymer nanocomposites. In comparison with the interfacial thermal resistance between carbon nanotubes and polymers, the interfacial thermal resistance between GNS and polymers is about one order of magnitude lower. Gonnet et al. [10] used a novel approach to incorporate aligned single wall carbon nanotube (SWNT) mats (buckypaper) into epoxy matrices. In the pristine aligned buckypaper mats, the thermal conductivity is relatively high (42 W/mK at room temperature). However, upon loading the aligned mats with epoxy, the thermal conductivity drops significantly by almost an order of magnitude, and becomes comparable to the value for the non-aligned (random) composite. The temperature dependence of the pristine and composite systems all follow a quasi-linear temperature dependence characteristic of phonon scattering, except for the case of thermal transport perpendicular to the aligned composite system. The rule of mixture model (Eq. 37) apparently overestimates the thermal conductivity of the nanocomposite, especially for the aligned sample. This may be due to the fact that the negative effects of the nanotube contact with epoxy resin with relatively good interfacial bonding is not taken into account in the rule of mixture. Particularly, intensive and strong ''π-stacking'' tube-tube interactions could be expected in the aligned buckypapers since more nanotubes are parallel, aligned, and tightly packed. This overestimation of the thermal conductivity using the rule of mixture was also noted in the properties of other nanotube nanocomposite samples. The model for randomly oriented nanotubes in a composite is presented by Nan et al. (Eq. 39) . This model predicts a lower thermal conductivity than the simple rule of mixture model and more closely follows the experimental results. The results of this model are closer than the prediction by the rule of mixture for both random and aligned composite samples. In Fig. 8 , the experimental data and predictions from the theoretical models are shown for random and aligned nanocomposites. For random composites, the thermal conductivity values are between two different theoretical predictions, while those of aligned composites are smaller by a factor of two or four. Balakrishnan et al. [40] fabricated toughened epoxy/MWCNT samples for weight percents of 0-1. Thermal conductivity results showed a 16% increase at about 0.4% by weight of nanotubes. Effective Medium Approach (Eq. 56) was applied to the experimental data and the interfacial resistances were also determined. The interfacial resistances did not drop by an order of magnitude and likely contributed to the low conductivity of the nanocomposite samples. The source of the interfacial resistance could be scattering at the nanotube/epoxy interface. For thermal conductivity tests, effective aspect ratios seem to be between the values of 10-100. Activation energies were also computed for the samples (Eq. 62) and the values seem to have an interesting correlation with the stiffness results. Fig. 9 shows the activation energy values plotted as a function of volume fraction. The values seem to marginally increase as a function of volume fraction indicating some sort of complex interaction between the two primary types of charge carriers (electron and phonon). The data further seems to show an overall decrease in the activation energy relative to the neat samples and this could imply that MWNTs negatively affected the ideal cure of the pure epoxy. Yang et al. [78] reported the successful grafting of benzenetricarboxylic acid (BTC) molecules onto MWCNTs via Friedel-Crafts modification, forming BTCMWCNTs, which exhibit extraordinary efficiency on thermal conductivity enhancement of epoxy composites. The thermal conductivity of MWCNTs/epoxy composite can be enhanced (~684%) with low MWCNT loading (~5 vol%). We postulate that this improvement originates from two main reasons: (1) the thermal interfacial resistance can be reduced by the BTC-linkages effectively due to strong phonon coupling between the BTC-MWCNTs and the polymer chain; (2) the well dispersion and good compatibility of BTC-MWCNTs in epoxy matrix, large MWCNTs form the heat flow network and thereby have higher thermal conductivity due to extended area of MWCNTs-epoxy contact. Thus, BTC-MWCNTs reported herein provided highest efficiency than pristine-MWCNTs and acid-treated MWCNTs on the thermal conductivity enhancement of epoxy composites. The formation of the effective covalent bonds between MWCNTs and epoxy is very important for the potential of MWCNTs in enhancing thermal conductivity of epoxy composites. The experimental results were compared with the theoretical values which are predicted by Nan's model (Eq. 51). This model considers the interface effect of CNTs and polymer matrix on thermal transport property. The interfacial effect has suggested that the MWCNTs embedded in a polymer matrix are the main limiting factor in the enhancement of thermal conductivity in MWCNTs/polymer composites. This is because the presence of a weak interfacial interaction between soft polymer layer and rigid MWCNTs hinders the phonon transport. Even though Nan's model considers thermal interfacial resistance, the real values of P-MWCNTs/epoxy composite are still lower than those predicted by Nan's model due to the aggregation of P-MWCNTs. Furthermore, for a higher MWCNT content, the derivation of the thermal conductivity between the experimental data and the theoretical values is larger. The formation of MWCNT bundles restrict the phonon transport in composites, which may be attributed to two reasons. (i) The MWCNT aggregation reduces the aspect ratio, consequently, decreasing the contact area between the MWCNTs and epoxy matrix; (ii) the MWCNT bundles cause the phenomenon of reciprocal phonon vector, which acts like a heat reservoir and restricts the heat flow diffusion (Kim et al. [79] ). Note that the experimental values of thermal conductivity of BTCMWCNTs/epoxy composites were higher than the theoretical values predicted by Nan's model. A model has been proposed to present the efficient network for heat flow in the MWCNTs/epoxy composites (as shown in Fig. 10 ), which shows the two phenomenon in the BTC-MWCNTs/epoxy composites: (1) the thinner polymer layer on the surface of MWCNTs; (2) the higher contact area between MWCNTs and epoxy. According to the literatures (Shenogin et al. [80] and [81] , Yu et al. [82] ), the thinner polymer layer on the surface of MWCNTs will decrease the scattering for the phonon transfer. Thus, this can explain that better MWCNT dispersion exhibits higher enhancement of thermal conductivity in the polymer composites. Thus, a homogeneous MWCNT network will effectively increase the heat flow region and promote the diffusion of phonon in the MWCNTs/epoxy composites. Furthermore, Yang et al. [78] investigate the effect of functionalization on the interfacial thermal resistance between MWCNTs and epoxy as proposed by the Nan's model, and the Kapitza radius can be calculated by this model, and the radius of theoretical value, P MWCNTs/epoxy and BTCMWCNTs/ epoxy is 10.4, 16.55 and 8.12 nm, respectively, which reveal that the BTC-linkages can decrease the thermal interfacial resistance between MWCNTs and epoxy matrix significantly. Fig. 11 depicts the structure of BTC-MWCNTs/ epoxy composites. Yang et al. assume that the BTCs play the roles of the diffused path of phonon between hard MWCNTs and soft epoxy chain. The short and rigid linkage can effectively promote the transfer of thermal energy in the MWCNTs/epoxy composite due to stronger interaction between MWCNTs and epoxy, so more interfacial thermal resistance can be reduced. The BTCMWCNTs/epoxy system exhibited extraordinary efficiency on thermal conductivity enhancement of composites (Yang et al. [78] ). Jafari Nejad et al. [5] found that the thermal conductivity of the PP/MWCNT nanocomposites is improved due to incorporation of MWCNTs, and this improvement was enhanced with increasing MWCNTs. This finding suggests that the incorporation of MWCNTs in polypropylene is effective for increasing its heat-transporting capability. Assuming the thermal resistance at the nanotube interfaces is negligible, the thermal conductivity of the nanocomposites, k is given by Nan et al. model (Eq. This discrepancy suggests that the thermal conductivity of the CNT might be much lower than expected, possibly because of scattering of phonons by interactions with the surrounding material. An alternative or additional implication is that high interface thermal resistance, which consists of contact resistance for the heat flow between the carbon nanotube and interfacial thermal resistance between the CNT and the matrix, limits thermal transport along the percolating network of the CNTs. It is now known that the interface thermal resistance is the Kapitza resistance, R i . Nan et al. derived a formulation based on an effective medium approach (EMA) (Eq. 36). where L is the length of the nanotube, and Ri is a Kapitza radius and Ri is about 8 × 10 -8 m 2 K -1 W -1 . The nanotubes used in their study are 1 μm long. Substituting L = 1 μm in Eq. 36 with random nanotube orientation, it is found that the thermal conductivity of the composites is 0.4479 W/mK for the case of PP/MWCNT (10 % wt) nanocomposite. This value roughly agrees with the experimental measurement for composite studied. This agreement indicates that the thermal conductivity of the composites is mainly dominated by the interface thermal transport between the nanotube/matrix or nanotube/nanotube interfaces. Thus, it is believed that the decreased effective thermal conductivity of the studied composites could be due to high interface thermal resistance across the nanotube/matrix or nanotube/nanotube interfaces.
Estimation of the thermal conductivity of polymer/metal-based nanocomposites
Friederich et al. [83] investigated thermal diffusivity for poly(methylmethacrylate) (PMMA) filled by melt blending with titanium dioxide (TiO 2 ), alumina (Al 2 O 3 ) and boehmite (AlOOH). The values of thermal conductivities calculated from Eq. 4 are presented in Fig. 12 for example for PMMA-TiO 2 nanocomposites. The thermal conductivity increases with the nanofiller content with the presence of a small peak around the glass transition temperature (T g ), implying that the nanocomposite becomes less insulating. The small peak is also present for PMMA-Al 2 O 3 nanocomposites, but the thermal conductivity curves of the different compositions overlap whereas being higher than for PMMA. This might come from the smaller gap between thermal diffusivity curvesthanforTiO 2 and AlOOH. Fig. 12 . Thermal conductivity as a function of temperature for PMMA -TiO 2 nanocomposites (Friederich et al. [83] ).
In general, at the macromolecular level, effective heat transfer by conduction requires, on the one hand, material with high thermal conductivity and, on the other hand, good thermal contact between the two surfaces across which heat transfer occurs. Thermal conductivity of multiphase materials is a function of the shape and size distribution of fillers, of the volume fractions of phases, of their topologies and intrinsic thermal conductivity. In amorphous polymers, the heat transfer mode was presented by Oskotsky et al. as taking place by in elastic dissipation of phonons located at the defaults. According to Bashirov et al. the transfer would happen by arise of the polymer free-volume when passing through T g , because air has a low thermal diffusivity (0.202 cm 2 /s). More recently, in the case of TiO 2 and Fe 2 O 3 , Laachachi et al. attributed the differences observed in terms of time-to-ignition to the intrinsic thermal diffusivity of these oxides.
Articles on the modeling of thermal conductivity of polymer/metal-based nanocomposites are lacking. Therefore, it is worthwhile to investigate and model the thermal conductivity of these nanocomposiites.
Conclusion and future perspectives
To reduce weight and increase mobility, comfort, and performance of future spacesuits, flexible, thermally conductive fabrics and plastic tubes are needed for the Liquid Cooling and Ventilation Garment. Tendency to become slimmer and more integrated of electronic devices, heat management become a central task for device design and application. Thermally conductive polymeric nanocomposites can be used for replacing metal parts in several applications, such as power electronics, electric motors and generators, heat exchangers, etc., because the polymers have some privileges such as light weight, corrosion resistance, lower manufacturing cost and ease of processing.
Thermally conductive polymer based composites can be prepared by the incorporation of thermally conductive fillers. The thermal conductivity coefficient of polymeric nanocomposites depend on type of polymer, filler (type, amount, the atomic structure, size, the morphology, the defect and the purification, etc), the roles of particle/polymer and particle/particle interfaces, dispersion alignment, and polymer crystallization. A promising candidate to obtain highly thermally conductive polymer based composites is CNTs. For obtaining highly efficient thermal conductive polymer/filler nanocomposites irrespective of the fabrication method, the filler should be properly distributed in the polymer matrix to form an effective conductive path, and the thermal resistances at filler-polymer and/or at filler-filler interfaces must be minimized.
Many theoretical models are available to predict the thermal conductivity of nanocomposites. The simplest of these are mixture rules such as series, parallel, and geometric models. However, the series model typically over predicts the thermal conductivity, whereas the parallel model tends to under predict the thermal conductivity of the nanocomposites. This is because these models are based on the amount of filler loading and do not take into account the true geometry and the size of the filler particles. Other models such as the Hamilton-Crosser model and the Lewis-Nielsen model are based on particle size, geometry, and the manner of particle packing in the matrix. Also, there are various effective medium approaches (EMA) like the Maxwell-Garnett approximation to analyze the thermal transport behaviour in heterogeneous media such as thermal conductivity of some composite structures.
The thermal conduction mechanism of composite must be controlled by phononphonon scattering and/or phonon-defect (pore, lattice defect, impurities, grain boundary, etc.) scattering. At room temperature, the phonon mean free path will be nearly equal to the inter-scattering centers. Usually it is seen that thermal diffusivity increases linearly but slowly with temperature before the peak of thermal diffusivity, proceeds towards a maximum, which occurs almost at the same temperature where effective thermal conductivity also shows its maximum or peak value. For further increase of temperature over the characteristic temperature T 0 (where α eff and k eff show their maxima) the effective thermal conductivity and thermal diffusivity decreases very slowly. In the low temperature region below T 0 the temperature dependence of effective thermal conductivity and effective thermal diffusivity is controlled by the variation of phonon mean free paths.
The large discrepancies between the predictions and current experiments could be due to interfacial thermal resistance between the matrix and fillers, and aggregation and twist of the fillers (nanotubes) in the composites. The filler/matrix interfacial thermal contact resistance can arise from the combination of a poor mechanical or chemical adherence at the interface and other mismatch, and the presence of the filler/matrix interfacial thermal resistance could result in a drop in the effective thermal conductivity. The aggregation of the fillers could lead to a decrease in k, and the twist of the nanotubes could lead to a decrease in effective aspect ratio values of the nanotubes. The lower enhancement in the effective thermal conductivity of the nanotube composites than predicted could also reflect processing challenges and poor nanotube dispersion, especially in solid composites.
